Interfacial layers are commonly employed in organic photovoltaic (OPV) cells in order to improve device performance. These layers must be transparent, stable, be compatible with the photo-active materials and provide efficient charge extraction with a good energetic match to the relevant organic material.
Introduction
Organic photovoltaic (OPV) cells show great promise as a source of cheap and flexible renewable energy [1] . In recent years the performance of laboratory scale OPV cells have begun to reach the efficiencies required to consider commercialisation [2] . The incremental improvements in cell performance have been achieved through the use of new photo-active materials, cell architectures and electrodes [3] [4] [5] [6] [7] [8] [9] . However, in order to achieve the optimum cell performance for a specific photo-active system a judicious choice of the interfacial hole and electron extracting layers is also required [10, 11] . The desired polarity of the cell, method and conditions of fabrication, photo-active material class and properties, and the electrodes all impact on the choice of interfacial layer. In some cases, the method of interfacial layer preparation will dictate the elected cell polarity. The requirement of high temperature annealing for some electron extracting layers is one such example, forcing the use of inverted cells to avoid damaging the organic layers [12] . Thus, a wide choice of interfacial layers are necessary to allow OPV manufacturers to match the properties required for the specific photo-active materials used in OPV cells.
A number of electron extracting materials have been employed in both polymer and small molecule based OPV cells. Reese et al. showed that low work function metals such as Ca and Ba provided a suitable contact in bulk heterojunction polymer OPV cells [13] . However, the stability of these materials is an issue. Another group of electron extracting materials are low work function metal oxides, such as TiO x and ZnO [14, 15] , which have both been used in standard and inverted polymer cell architectures [14, [16] [17] [18] . ZnO layers have shown versatility through fabrication using a variety of methods, including solution processing, electro-deposition and pulsed laser deposition (PLD) [18] [19] [20] [21] . Despite this, small molecule OPV cells typically incorporate the organic material bathocuproine (BCP) as the electron extracting layer [22, 23] . Rand et al. demonstrated that charge transport though BCP was facilitated by defect states within the BCP band gap, induced by hot metal penetration during deposition [22] . This indicates that BCP is only suitable for use in regular architecture small molecule cells. This limitation was confirmed by Hao et al., who reported that BCP required doping with Ag in order to obtain efficient inverted small molecule devices [24] . Additionally, BCP is also known to crystallise over time [25] . Consequently, alternative more compatible materials would be desirable for the small molecule OPV cell community.
Recently, Tan et al. utilised a zirconium acetylacetonate (ZrAcac) layer as an electron extracting layer in regular architecture polymer: fullerene bulk heterojunction OPV cells [26] . Since the layer required no subsequent processing steps and used very 
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Organic Electronics j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / o r g e l small concentrations of ZrAcac, it showed great promise for use in flexible large area polymer OPV cells. Whilst the ZrAcac layer provided efficient electron extraction for regular architecture bulk heterojunction polymer cells, the compatibility of the layer with small molecule systems, in both regular and inverted architectures, requires testing to further understand the potential widespread applications of the layer. A direct comparison of ZrAcac processed in air and under N 2 would also be beneficial, since other solution processed interfacial layers have shown that preparation conditions can significantly influence cell performance [27, 28] .
In this report, ZrAcac is found to be compatible for use in both regular and inverted architecture small molecule OPV cells. The ZrAcac film provides similar cell performance when spin coated from a very low concentration solution processed in air (ZrAcac air ) or under N 2 (ZrAcac N2 ), indicating the versatility of the film. In each case a highly transparent, low work function layer is produced. The inverted and regular architecture cells achieve similar cell stabilities when testing under constant illumination in air. The results demonstrate that ZrAcac is an attractive alternative to the commonly used BCP in small molecule OPV cells.
Experimental
ZrAcac films were fabricated by making solutions of 1 mg ml
À1
of zirconium (IV) acetylacetonate (98%, Sigma Aldrich) in isopropanol under either a N 2 atmosphere or in air, followed by spin coating at 2000 rpm. All cells were fabricated on indium tin oxide (ITO) covered glass substrates (15 X sq À1 , Thin Film Devices) in either regular or inverted architectures. All other layers were deposited using a Kurt J. Lesker Spectros system with a base pressure of 1 Â 10 À8 mbar. C 60 (Nano-C Inc, 99.5%) was purified by vacuum gradient sublimation prior to deposition, whilst boron subphthalocyanine chloride (SubPc, Lumtec, 99%) and molybdenum oxide (MoO x , Aldrich, 99.99%) were used as received. The Al cathode was deposited in situ through a shadow mask, giving devices with an active area of 0.16 cm 2 . The current-voltage (J-V) characteristics of the OPV cells were measured under simulated AM1.5G solar illumination at 100 mW cm À2 from a Newport Oriel solar simulator using a Keithley 2400 sourcemeter for current detection. The light intensity was measured using a Fraunhofer calibrated silicon photodiode (PV Measurements Inc).
UV/vis electronic absorption spectra were obtained using a Perkin-Elmer Lambda 25 spectrometer. Atomic force microscopy (AFM) images were obtained from an Asylum Research MFP-3D (Santa Barbara, USA) in AC mode, using AC240TS cantilevers. Kelvin probe (KP) measurements were used to determine the surface work function, under a N 2 atmosphere with a reference of freshly cleaved highly ordered pyrolytic graphite (HOPG). Photoluminescence measurements were taken using a Horiba FluoroLog-3 spectrofluorometer with excitation at 580 nm.
Results and discussion
There are several key characteristics to consider when selecting a viable electron extracting layer. The film must be highly transparent across the wavelengths that the photo-active material absorb, have a surface free of defects and pin holes, and possess a favourable energetic alignment for electron extraction from the lowest unoccupied molecular orbital (LUMO) of the organic acceptor [10, 11] . Therefore, these properties were explored in the characterisation of the ZrAcac layers, before incorporation into small molecule OPV cells.
The transmittance spectra of bare ITO, ITO/ZrAcac air and ITO/ ZrAcac N2 are displayed in Fig. 1 . Both methods of preparing the interfacial layers produce highly transparent films, with only very small losses in comparison to bare ITO. The inset of Fig. 1 shows a plot of (E Â a) 1/2 against energy for a ZrAcac air layer made from a higher concentration of ZrAcac (10 mg ml À1 ) on quartz, where E is energy in eV and a is absorbance. From this plot the band gap of ZrAcac air is shown to be very wide at 3.7 eV, and is the reason for the high transparency of the spin coated films between 300 and 800 nm. The surface morphology of electron extracting layers can have a significant influence on cell performance. Since a small molecule donor/acceptor system with a total thickness of either 30 nm or 54 nm was to be fabricated onto the ZrAcac layers, smooth and homogeneous surface topographies are required so as not to create pin holes or large protruding features. The surface topographies of ITO, ITO/ZrAcac air and ITO/ZrAcac N2 were obtained using an AFM in AC mode, displayed in Fig. 2 . The surface roughness (R q ) values were 2.5 nm, 2.0 nm and 2.0 nm for ITO, ITO/ZrAcac air and ITO/ ZrAcac N2 respectively. These smooth films, with similar surface features, provide a good interface for subsequent organic growth and device fabrication. Additionally, step edge AFM measurements indicate that the ZrAcac layer prepared in this manner has a thickness of between 1 and 2 nm.
In order to maximise the built-in field (V bi ) of an OPV cell and to minimise losses in the open-circuit voltage (V oc ), the interfacial contacts either side of the photo-active materials must have favourable energetic alignment to the relevant organic semiconductor. In the case of electron extracting materials this requires a low work function contact. Since the electron affinity of C 60 has been shown to be 4.4 to 4.5 eV [29, 30] , this indicates the work function of the electron extracting material ideally should be close to or lower than 4.4 eV [31, 32] . Furthermore, for hexachlorinated boron subphthalocyanine chloride (Cl 6 -SubPc) an electron affinity of 3.7 eV has been reported and so a contact with a very low work function is required [33, 34] . Therefore, the work functions of ITO, ITO/ZrAcac air and ITO/ZrAcac N2 were measured using the KP technique. This measurement demonstrated work functions of 4.5 eV, 3.9 eV and 3.7 eV for ITO, ITO/ZrAcac air and ITO/ZrAcac N2 respectively. The low work function values measured for both methods of ZrAcac layer fabrication indicate a good contact with the C 60 and Cl 6 -SubPc acceptors in OPV cells is possible.
Photoluminescence (PL) measurements were carried out in order to determine whether the ZrAcac layer is exciton blocking or only hole blocking. For direct comparisons, 15 nm layers of the Cl 6 -SubPc acceptor material were deposited onto quartz (reference measurement), quartz/ZrAcac and quartz/BCP. The PL measurements obtained are shown in Fig. 3 . The data shows that the ZrAcac quenches 92% of the peak emission at 630 nm, whereas BCP quenches marginally less, with 85% at 630 nm. These measurements indicate that the ZrAcac layer acts only as a hole blocking layer and not as an exciton blocking layer. This may lead to a small loss in cell performance, however the quenching shown here is only marginally greater than that of BCP.
Regular and inverted small molecule cells were fabricated using the ZrAcac electron extracting layers. The inverted cells comprised of ITO/ZrAcac (air/N2) /40 nm C 60 /14 nm SubPc/10 nm MoO x /Al. The J-V characteristic plots are shown in Fig. 4 . Inverted cells fabricated on both ZrAcac air and ZrAcac N2 were deposited simultaneously to avoid batch-to-batch variation due to minor changes to the properties of the photo-active materials (such as material purity). The J-V curves in Fig. 4 indicate that efficient electron extraction is achieved using both ZrAcac air and ZrAcac N2 layers, with no kinks present that would be indicative of barriers to charge extraction. Cells on ZrAcac air achieve a short circuit current density (J sc ) of 4.66 mA cm À2 , a V oc of 1.02 V, a fill factor (FF) of 0.55 and an overall power conversion efficiency (g p ) of 2.61%. The cells fabricated on ZrAcac N2 achieve a J sc of 4.57 mA cm À2 , a V oc of 1.02 V, a FF of 0.56 and a g p of 2.60%. Therefore, values for all key cell parameters are nearly identical for both methods of film preparation and comparable to the same photoactive system deposited in inverted cells on other efficient electron extracting layers [12, 35] . This comparison shows that the atmospheric conditions of ZrAcac preparation can be chosen to best match the conditions of fabrication for the photo-active layers. The effect of depositing the ZrAcac N2 layers on top of the organic photo-active materials was tested in regular architecture cells, with J-V curves shown in Fig. 4 . These cells have the architecture ITO/5 nm MoO x /14 nm SubPc/40 nm C 60 /ZrAcAc N2 /Al and were fabricated in separate growths to the inverted cells. These cells produced a J sc of 3.74 mA cm
À2
, a V oc of 1.07 V, a FF of 0.56 and g p of 2.22%. The higher V oc and lower J sc values obtained for the SubPc/C 60 system in regular architectures compared to inverted cells were also demonstrated in similar cell architectures by Morris and Shtein [35] .
The regular architecture cell results also indicate efficient electron extraction and that the spin coated solution does not damage the thermally evaporated photo-active layers due to lack of solubility of the photo-active materials in isopropanol. Since the ZrAcac layers presented in this work do not require post deposition thermal annealing and use isopropanol as the solvent, they are very versatile for use with a number of photo-active systems in both regular and inverted architectures and could also be incorporated within tandem OPV cells. In order to test if the ZrAcac electron extracting layers were compatible with other small molecule acceptor systems, cells replacing C 60 with Cl 6 -SubPc were fabricated. Since Cl 6 -SubPc has a small electron affinity of 3.7 eV, it achieves high V oc values when used in combination with the SubPc donor material [33] . Regular cells with the architecture ITO/5 nm MoO x /15 nm SubPc/20 nm Cl 6 -SubPc/ZrAcac N2 or 8 nm BCP/Al were tested, with the J-V characteristics plots displayed in Fig. 5 . When using the ZrAcac N2 layer on top of the photoactive materials the cells produced a J sc of 3.06 mA cm À2 , a V oc of 1.32 V, a FF of 0.58 and g p of 2.31%. The reference cell containing BCP achieved a J sc of 3.10 mA cm
, a V oc of 1.33 V, a FF of 0.59 and g p of 2.39%. This indicates that the ZrAcac layer is compatible with other electron accepting small molecules, even with small electron affinity values, achieving a comparable performance to the reference cell fabricated simultaneously.
Cells using the SubPc/Cl 6 -SubPc photoactive system were also fabricated in an inverted architecture: ITO/ZrAcac N2 or 8 nm BCP/ 15 nm Cl 6 -SubPc/15 nm SubPc/40 nm MoO x /Al. The J-V characteristics plots for these cells are displayed in Fig. 6 . Here, a 40 nm layer of MoO x was used as an optical spacer layer to maximise current generation in these cells [19] . When utilising the ZrAcac N2 layer the cells produced a J sc of 3.59 mA cm with both electron transport layers is similar, there is a small loss in V oc when using BCP and an even greater loss in FF. This is also demonstrated by the clear increase in series resistance that causes the kink in the J-V plot for the cells using BCP, shown in Fig. 6 . Without the defect states induced by the penetration of hot aluminium that occurs in regular architecture cells, the BCP layer provides poorer initial cell performance in comparison to ZrAcac [22] [23] [24] .
Whilst high initial cell performances are vital in measuring the potential of an OPV cell architecture, the stability of the cells is also an important criterion when considering materials for future technologies. Here, both the inverted and regular architecture cells using the ZrAcac electron extracting layer were tested over 1 h of constant illumination at 100 mW cm À2 in air. The most significant loss of performance will occur during in the first hour of illumination within the 'burn-in period', due to the photo-active materials [36, 37] . Reports have shown that OPV cell performance degrades linearly after the burn-in period [36] . However, if a significant proportion of the cell performance is lost during this initial period then the cells are of little use for development. Fig. 7 displays the stability measurement of key cell parameters for regular and inverted cells containing the ZrAcac electron extracting layer.
Each architecture retained $85% of the original g p . Both architectures also give similar losses in J sc , V oc and FF. Regular architecture cells retained FF marginally better, whereas inverted cells retained J sc and V oc slightly better over the hour. The results are comparable to other SubPc/C 60 architectures utilising BCP [28, 33, 38] . The results indicate that the ZrAcac layers are not the limiting factor in the initial cell stability testing period. The measurements also indicate that spin coating a solution processed interfacial layer on top of the thermally evaporated acceptor surface does not impact either initial or short term cell performance. Further long term stability measurements would be worthy of future investigation, but are beyond the scope of this report.
Conclusions
In summary, layers of ZrAcac fabricated in both air and under N 2 have provided efficient electron extraction for inverted small molecule OPV cells using both C 60 and Cl 6 -SubPc accepting materials. The layer provided similar performance for regular architecture small molecule OPV cells for both systems, without damaging the performance of the discrete C 60 or Cl 6 -SubPc acceptor layers. For inverted SubPc/Cl 6 -SubPc cells the ZrAcac layer gave preferential performance compared to BCP. For regular SubPc/Cl 6 -SubPc cells the ZrAcac layer achieved a comparable performance to that of BCP, which is commonly employed in this architecture. The ZrAcac layers fabricated under both conditions preparation conditions were found to be low work function, allowing an energetic match to a wide range of acceptor materials. The ZrAcac was found to dissociate excitons from PL measurements and so acts as only a hole blocking layer. Initial stability measurements indicate that both cell architectures give a similar stability, further highlighting the potential to use ZrAcac in either architecture. The results presented here indicate the potential of using the inexpensive, low concentration, solution processed ZrAcac electron extracting layer with small molecule OPV cells. The ZrAcac layers are a viable alternative to BCP, commonly employed within regular architecture small molecule cells, whilst also allowing the fabrication of efficient inverted cells.
